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HIV evolution: CTL escape mutation and reversion 
after transmission 

A J Leslie 1,12 , K J Pfafferott 1 - 12 , P Chetty 2 , R Draenert 3 , M M Addo 3 , M Feeney 3 , Y Tang 3 , E C Holmes 4 , 
T Allen 3 , J G Prado 5 , M Altfeld 3 , C Brander 3 , C Dixon 1 , D Ramduth 2 , P Jeena 2 , S A Thomas 2 , A St John 6 , 
T A Roach 6 , B Kupfer 7 , G Luzzi 8 , A Edwards 9 , G Taylor 30 , H Lyall 10 , G Tudor- Williams 10 , V Novelli 11 , 
J Martinez- Picado 5 , P Kiepiela 2 , B 1) Walker 3 & P J R Goulder 1 ' 3 

Within-patient HIV evolution reflects the strong selection pressure driving viral escape from cytotoxic T-iymphocyte (CTL) 
recognition. Whether this intrapatient accumulation of escape mutations translates into HIV evolution at the population 
level has not been evaluated. We studied over 300 patients drawn from the B- and C-clade epidemics, focusing on human 
leukocyte antigen (HLA) alleles HLA-B57 and HLA-B5801, which are associated with long-term HIV control and are 
therefore likely to exert strong selection pressure on the virus. The CTL response dominating acute infection in HLA- 
B 5 7/5801 positive subjects drove positive selection of an escape mutation that reverted to wild-type after transmission to 
HLA-B57/5801-negative individuals. A second escape mutation within the epitope, by contrast, was maintained after 
transmission. These data show that the process of accumulation of escape mutations within HIV is not inevitable. Complex 
epitope- and residue-specific selection forces, including CTL-mediated positive selection pressure and virus-mediated 
purifying selection, operate in tandem to shape HIV evolution at the population level. 




deficiency virus infection has been well documented 1 



major role in driving evolution of i i!V i hmrar, fin- exteitl U> 
which this actually occurs remains to be determined. It is clear that 
CTL escape mutations are common, and are selected by CTL 
responses restricted by a wide array of different HI.A molecules*. 
However, the question of whether these mutations are transmissi- 
ble and then stable in the absence of the HLA allele that drove their 
selection has yet to be addressed. These two parameters need to be 
established to quantify the role of the CTL response in driving 
IliV evolution a! a population level, I: is also of vital importance 

will remain relevant and which will be irrevocably'lost through 

To address this question, we sought examples of HLA-B57- and 
LILA-5801-k^ii U CI! i and observed i i outcome 
transmission of these mutations to HLA-B57/5801-negative indi- 
viduals. These HLA alleles were chosen because HLA-B57 and the 



closely related HLA-B5801 are associated with effective control of 
HIV 1 1-15 (P.J.R.G. et a!., unpublished data). We therefore hypothe- 
sized that the HLA-B57/5S0 1 - res (ricf cd CTi, i espouse represents a 

lion. \\ ie o I i i O'.o ; i . | , , |h s Is ,, li gbb 

immunogenic region of 1 HV- 1 i'lefs. i(> 18). 

TSTLQEQIAW variation is associated with HLA-B57/5801 

Crag sequences from 31 ! subject:, with chronic UIV infection were 
analyzed. Variation in the epitope TSTLQEQIAW (designated 
TW10; Gag HXB2 residues 240-249) was observed in association 
with expression of HLA-B57 or HLA-B5S01 (Table la). TW10 
dominates the CTL response in acute }-][V infection in HLA-B57 
individuals 19 , and is presented by the closely related HLA-B5801 
allele 14 . The dominant change in TW10 is a substitution of Thr by 
Asn at residue 242 (T242N). This mutation occurs in C-clade 
infections, arising in 84% and 63% of W.A-B57- positive and 
HLA-B580i-positive subjects, respectively, and in 0% of B57/5801- 
negative subjects (P < 0.0001 in each case). Data from 
B-clade-infected subjects reveal a similar picture (Table la). 
Vgaiu, the T242N m tio I i t l i Hi i <> posi 
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tive and HLA-B5801 -positive subjects 
(79% and 93%, respectively), and is not 
found in Hi) C\ ' • n/!-ii, DiMm individu- 
als (P < 0.0001 in each case), 

An luki' l.i dt ddic i. ik, exists within the 
TW10 epitope at residue 248, where the 
consensus is Giy (G) in B-clade strains and 
Ala (A) in C-clade strains. In C-clade- 
infected subjects, variation at this position 
is weakly associated with HLA-B57 only 
(P = 0.03). By contrast, there is a high 
degree of variation at this position in B- 
clade-infected subjects, predominantly 
involving i lie < 124 8 A vhangt , again si rough' 
associated with HLA-B57 (P < 0.0001) but 
not HLA-B5801. Unlike T242N, G248X is 
found in substantial numbers in HLA- 
B57/5801-negative individuals (Table la). 
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Table 1 Variation in TW10 
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:11 as an additional 
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TW10 variation arises after transmission 

To show that the TW10 variants arise after 
transmission to HLA-B57/5801 -positive 
subjects, we sought examples of vertical 
and horizontal transmission in which 
HLA-B57/5801-negative donors, infected 
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from all six mothers encoding wild-type 
TW10 and from five of the six HLA- 
S57/5S02-poshive children carrying the 
T242N and/or G248A mutations 
(Table lb). In the two adult pairs in which 
the direction of horizontal transmission 
was unambiguous, only the HLA- 
B57/5801 -positive subjects possessed the 
T242N mutation. Likewise, in three addi- 
tional adult pairs in which the direction of 
horizontal transmission was ambiguous, 
only virus isolated from the HIA- 
B57/5801 -positive subjects possessed the 
T242N mutation (Table 1c). In this last 
group. She data lie indieau i v I- is 
mission of wild-type virus to the B57/5801- 
posiiive individiiai foil owed by escape, or 
transmission of the T242N mutant virus 
vild type in the 



a) All se 



s as a result of positiv* 

whether TW10 is un< 



d-iype TVViO is SO "' aDD apooiiise Subject; n unamb'sucus direction. 
J .120. J]a3 ana .13 morher-and-crnis pans were reecreo ™n;i C-darie HIV; remaining transmission pairs we re- 
infected with B-cisde i-nV. Dep.. : 7 and Den-:::; are a previously reported horizontal transmission paiD' 1 , in which 
patient history indicates that Den- 17 infected Dan 23. 6onn-i-~ anci Sonn-G, also piesionsiy ieec'tecD", are 
hernophiiiacs nrected with the same paten or contaminated racier VI I An sequence data shevn represent popalation 
seaaences from pro-era DNA. •-Poc-tp.jrti.im lime alter transmission not known, Dime alter transmission. 1357 and 
0,530 i a;e sl-ovsn in cold. Transmission or HI 1 ' aiihin husband-safe paiic in .shich the direction or iransiaissicn 
was unknown. A s unknown. 



1 st CTLs, sve examined it dUs 

using a maximum-likelihood met tie-J - a , method revealed 
nine sres mder positive $< i when i t i 

not\-B57/5801 subjects were grouped together (Supplementary 
Table I onli e cs 242 d i nonsynoi 

mous to synonymous nucleotide substitutions (J N /rt s ) = 3.216) 
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and 146 (mean <i N /,i s = 3.215). Both results were highly signifi- 
cant, with Bayesian posterior probabilities of 1.000 and 0.999, 
respectively. When ffi.A-B.57/5SD/-positivc subjects were excluded 
from the analysis, only residues 242 and 146 were no longer identi- 
fied as being imdc sitive seiecti ;u esting that selection at 
these sites is opeiatine through Hi, HL I b57/5801 alleles. The 
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B57/5801 -positive individual for this duration. In the child 
(SMH-05C; HLA-B7 homozygous) at 2 months postpartum, all 
clones possessed the T242N and G24SA mutations, confirming that 
both mutations were transmitted. By 5-7 month:; of age, the fre- 

ilu T2-i2N i i 1 iMr 2 , i_ 2i v (1 , 1 3 of r clones 
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c TW10 variants are 857/5801 CTL escape mutants 

| The optimal epitope TW10 (TSTLQEQIGW) was previously 

£ defined in B-clade-infected lbjec expressing HLA-B57 or B5801 

£ (ref. 14). TW10 ( TSTLQEQIAVv ) was confirmed as the optimal 

is epitope in C-clade infection ! Fig. la). Recognition of the com- 

■g monly occurring variants at residues 242 and 248 was evaluated in 

g B57- and f}5S0i-positive subjects with B- or C -clade infection, 

£ respect i velv ("Fig. fb el. Tin- pattern of recognition was. .similar in 

| each case, with reduced recognition equivalent to 1-2 logs peptide 

| concentration of variants with single amino- acid substitutions, 

S and complete abi'. i> ill a: oi , . ^ ,poi! ; I o : h i i ], !• i„,:u,j ion;,:. 

I mutations. Thus, these HLA-B57- and B5801- associated 

S- mutations within TW10, which dominate the viral population 
in chronically infected individuals expressing these alleles, 

§" represent escape mutations. 

E 

%, T242N 'reverts' in the absence of B57/5801 

£ We noted above that T242N is seen in 0 of 187 HLA-B57/5801- 

,<0 negative subjects with chronic HIV infection. The most likely 

■Q explanation for this is thai T242N mutant viruses are not transmit- 



t the T242N n 



individua 



(SMH-05M; HLA-B57-posi(ive) carried both the T242N am 
G248A mutations (46 of 46 clones) at 5 months, 7 months and i 
years, postpartum, indicating that both mutations arc stable in ; 



In contrast to T242N. the G248A mutation was p resent in all SMH- 

i s i 1 I i s | I t \ IS I ibk 

do..-, not revel 0 in the abseu.se of the selecting 11! A allele. 

A second mother-to-child transmission pair, 997-Mother 
(HLA-818/57) and 997-Chiid (HLA-B18/42), was identified 
(Table 2 and Fig. 2c). This pair was C-clade infected. T242N was 
piescni in the moihei aiKenalaily and at al! lime points post pa i imn, 
es H i e child > was in! ted 1 nonths postpartum, 
Oof 22 clone 
9-month tin 
the T242N n 
Analysis « 



sequenced 1 
: point. The 



»! RNAiiadthe F242N 
lata again suppo 



• tiypo 



it the 
. ii,a! 



chr. 



veiled u 



ed HI. A 
:xpr< 



! the 



tion. In contrast, virus expressing the T242N n 
lated from 4 of 19 HLA-B57/5801- negative subjects with acute 
HIV infection (Table 2). This further demonstrates that T242N is 
transmitted horizontally, and is in itself evidence that T242N 
reverts at some point between acute and chronic infection in HLA- 
5 7/5801 -negative individuals in whom the transmitted virus car- 
ries theT242N mutation. 

One of these acutely infected individuals, AC-33, was studied 
longitudinally, revealing that T242N also reverts over time in this 
situation (Table 2 and Fig. 2d). This subject was placed on anti- 



fAR'l ; 



dia; 



: HIV 



infection, liming ART, viral replication was suppressed to uuck 
tectable levels (<50 copies/ml). One might thus anticipate tin 
T2-12N icvcision would lake longer in ibis setting than in palici 
SMH-05C, who did not receive ART until 4 years after infection, c 
in patient 997-C, who never received ART. 
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Reversion revea!ed by B57/5801 'footprints' 
'lb fiinhti -liL-tjiiUdit the hypothesis that T242N undergoes rever- 
sion in the absence of HLA-B57/580L we next sought T242N-linked 
niutalions that are stable in the absence of B57/5S02. The term 'foot- 
print. '>'.,. pn . :,.',:,!> I !c itselil" .e.piel: ' pobiii 1 
phisuis associated with particular HLA aiieles. Thus, the presence of 
1 . U iT-tk pi > i i i t i | i c eetfi. 
HLA aileies on HIV. In HLA-B57/5801 -negative individuals, the 
association of such footprints of tin T2-I2N mutation with v 



Table 2 Fate of TW10 variants after transmission 



mo, whic 



ted with I- 



SMH-05-Mother 



SMH-05-Child 



AC-04 
AC-27 
AC-14 



HLA type Time point 



B 18/44 
B8/35 



16/16 



TSTLQEQIAW 



B57/5801, would support the hypothesis that the ancestral virus in 
these subjects originated in HI/l-/t5;75Sr/? - posit i v» individuals 
(Fig. 3). Two sites were identified at which variation from the con- 
-eu .ii. stqutn > 'M. i-s,. lan i mill 1 2 I . in tin /// A-B^7/^80i - 
positive group: H219X (X = Q, P or R; P < 0.0001) and A146X (X == 
P, T, S, V, N or H; P = 0.0008). In the case of A146P, this polymor- 
phl-m o. pie-. IU- a pin - -mi. a : se.ux n. lit .'Hon K.I ) .■/ .•(/ , impuh- 
lished data). In the case of 1121 9X, no HLA-B57 or B5801 -restricted 
epitope has been identified for this 

or /?5,S(>/-rc!.trktcd epitope thai would sat- 
isfy the defined HLA-B57/5801-bmdh\e. 
motif 3 . 

The H219X variant appears subsequent to 
the development of the T242N mutation. 
In B57/5801 -positive subjects, H219X is 
seen only in the presence of T242N 
(32 of 32 instances; Table 3a), compared 
with 64 cases where T242N is found in the 
absence of H219X and 28 cases where nei- 
ther variant is found CP > 0.0001). In addi - 
tion, longitudinal sequencing of virus in 
SMH-05M demonstrated the acquisition of 
this H219X variant after fixation of the 
T242N mutation (Table 3b). The hypothesis 
that the H219 variant may be maintained 
after transmission, whereas the T242N 
variant reverts, is also supported by analysis 
of two husband-wife pairs (6007/6008 
and 068D/068M; Table 3b). In both cases, 
the T242N mutation present in the 
putative donors (6007 and 068D; both 



TSTLQIQIGW 



17/17 
13/13 



12/2! 



16/16 



15/15 



SMia-05-Mother SM i-i -0':-Ch i id and 

'il5- «p;-n=o,j;i.e ohildrfos. DMA. ?.eciuf" 



;-po. 



ii.n 



with 



negative), only the footprints of these vari- 

We next examined the B57/5801-nega- 
tive subjects to test the hypothesis that the 
T242N footprints H219X and A146X are 
associated with TWT0 mutations other 
than T242N, as T242N would be expected 
to revert in the absence of HLA-B57/5801. 
We found that both H219X and A146X 
were associated with variation in TW10 
(P ----- 0.0009 and P = 0.0002, respectively), 
in spite of the absence of T242N from 
these subjects. These data, which show 
an association between the two identified 
T242N footprints, H219X and A146X, 
and TW10 variation within HLA- 
B57/5801-negMhe subjects, support the 
hypothesis that the ancestral virus in 
these individual., originated from J/7 \ 
B57/5801-positive subjects in which the 
T242N variant was present. Taken together, 
these data provide compelling evidence 



that 



12N mu 
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DISCUSSION 

These data provide the first clear evidence of reversion after trans- 
mission of an HIV- 1 CTI, epitope in which escape has occurred iti 
!l ici i 1 We show lb i i I f is i i mutation ii, (be T\V H> 
■epitope thai ■ seiicicd in hi majority of individuals ' i' 
either HLA-B57 or HLA-5801. B57/580 1 -positive individuals can 
transmit i i 2i_i inut.ini. d such iLiiisniission lias occurred 
in numerous instances. The T242N mutation was found in 0 of 
187 of HLA'B57/580i'iicgSA\'i individuals with chronic HIV 
in I I >n c i p i d 1 1 ; I i 1 i , i i v • i c a < )' 
infection (P 0.00005), providing strong evidence that T242N is 
transmitted and, in the absence of HLA-B57/5801, reverts to wild 
type after acute infection. Wc present longh udmai data from three 
HLA-B57/5801 -negative subjects to demonstrate that the trans- 
mitted T242N variant is replaced by wild-type virus over time, 
Further evidence of T242N transmission, followed by reversion, 
derives from the analysis of genetic footprints that are linked with 
T242N in HLA-£57/5S0I-positive subjects, and that can be identi- 



fied in B57/5S0I- negative subjects in whom T242N is no longer 
present, 

A previous study examining t ;c,ipt milt ilions in tin t i I A - H27- 
restricted epitope KKiO, a second epitope associated with long- 
term control of HIV infection, indicated that the occurrence of 

K itls U I I s t I I t 1 t I c is 1 lie 1 !ntl | 1 Kill 

i i 1 >s inch n ing 1 cdi sug- 

"e i 1 c c I 1 1 1 'lies i il o.ll I 1 I 

study and others 10 ' 24 . Thus, the B27-KK10 escape variants gener- 
ally remain stable in ! he absence t c , c i - pressure thai 
i .^n cc lie s _ _\ >\ >i h 

consistently reverts after transmission to a B57/5801 -negative 
individual.' This distinction highlights the importance of deter- 
i ii i ■ >c mutations. Ii are transmissible 

and stable aftc i r : iu-mi--t,'],, ac i r ! c 1 i bi ougli rhc popula- 
tion and the epitope will eventually become extinct. Conversely if 
the escape mutant reverts, the epitope will remain useful for CTL- 
based vaccine design. 
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Figure 3 Patterns of HLA-B57/5801 -associated 
mutation and reversion before and after 

vims to HLA-857- or HLA -B5801- poo: bye 
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ialogy, as they typically 
treated patients, despite conferring 

r fitness in the presence of ART, because they impair the repli- escape TWIO-specific CTLs. TW10 is the immunodominant CTL 

of wild-lypc virus i'hns vR'i r, i ut < ni.iv pa; in response in acute infection , so eveii an a! Icnualcd virus won id iiav. 

ionary penally' for llieir silt yivaP'. Similarly, tin. T2-i2.N a .sekvlioii <idv<tm<igc over one lliai is. recognized and eliminated by 



t the evolutionary penalty paid by MTV to TWIO-specific CTLs. Recent data indicate that 
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Table 3 Footprints of HLA-BS7 and HLA-B5WU 
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l-ovilive individuals in whom the TW10 epitope has not mutated, 
viremia is successfully suppressed for decades to <50 copies/ml 
(ref. 27). Once selection pressure from TWIO-specific CTLs is 
removed, as in transmission to a nor. B57/5«01-expressing individ- 



raisck 



. F.v. 



ral fiti 



In conclusion, we have identified two escape mutations in rhe 
imunodominant HLA-B57/5«W-re»tricted Gag epitope TW10, 
e of which undergoes reversion an i ■ m of ■> hit h is stable in the 
sence of B57/5801. i'ius highlights the diverse outcomes ofCTL 
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r futi 



l , follow 



:dby 



mfcrr 



c upon the virus, could be causal h linked t. the association of HLA- 

~ i> o i'[ i ! i Hi i our 

| ART-naive C-ciade- infected study group, HLA-B57/5801 -expre»s- 

S. ing subjects whosi virus encoded 1 had a i , 1 i viral load of 

% 10,342 11 IV RNA copies per ml plasma, still significantly lower than 

| in the HLA-B5 SOI-negative groin nedian viral load = 28,125 

g HIV RNA copies per ml plasma; P = 0.02 by Mann- Whitney test). 

<u This T242N mutation may therefore coniribule to the control of 



t of CTL t 



-• 1"-' 



ilns 



! till: 



spe 



is a highly conserved region of the ll:V genome-"''. Singh- point 
mutations in p24 can have a profound effect on viral, fitness 31 " 34 , 



t between residues 241-242 and 
) replicate 32 ' 35 ' 36 . T242N mutant 
t years, however, replicating and 
might expect 
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s that r, 
-dcvcloi 



1 fitll 
7-KKK 



■scap, 



and linker-ii 

242-243 destroy HIV's abili 
viruses can persist for at le 
evolving (Fig. 2b). Under si 
HIV to accumulate other n 
some degree, as suggested t'o: 

mutation 24 . The H2I9X mutation, universally observed in associa- 
tion with T242N in B57/5801 -positive subjects, may represent a 
similar compensatory mutation. If so, however, the fact that 22 
B57/5801 -negative subjects possessed H219X in the absence of 
T242N suggests that, unlike the compensatory changes associated 
with KK10 escape, H219X does not fully restore viral fitness. H219 
!i< within the cyciopbilin A bindiu U.o| which < inii.il U !W 
life cycle 35 -' 7 . H2I9 is directly involved in cyclophilin A binding, 
and the H219Q mutation results in a 4.8-fold decrease in binding 
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within the sam 



occurring 
after 

lacking B57/5801. The inference that 
this <l! i scape nil i •> t an t i c i Illness cost to 

the virus is ;upportcd hj a. stuck that examined this particula? 
■ , 18 1 ill k > 1 It. ■ t on n,s, lerv eel 
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: spe, 



of CI 



vith g 



one hau 1 d l ^ cd I i i i 1 >tl that 

determines the role of CTLs in shaping kilV evolution. 

METHODS 

Subjects. The 12« w cktde infected siibiects .malyed in litis study were col 
iecied from Durban, South Africa ,md consisted predominantly of Zulu and 
Xhosa women recruited from Ike waio Manor antenatal i linii .All subjects weie 
ARTnaive. The median viral load was ] 4.892 HIV RNA copies per ml plasma 
i , ill! ' [ i M ' c I s/mm'' 

(range itii i,2i:> cells' timi'!. The 97 15 ckidc infected subjects were collected 
horn diverse souices encompassing ! mop..:, the ( arihhe.ni and North Amcowi. 



At? l a 



s. The it 



viral load in tla ise la a receiving ART was - !.«KI RNA copies per ml plasma 
(range <400 to >750,000), and the median )D4 conn! for those not receiving 
vR'f'n.i.. L.(i cclhonni aaao I !| i .eSCwells an m ;. This study was approved 
by institutional review boards, and ail subjects gave- written informed consent. 
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cicoltdes lo pome itie leaciion. We iken o 1 1 : p i i idcwl and .sequenced ce;y 
fragments from the cDNA as dcsciibcd above. AH sciiaicnciijg was done 
with BigDye Tenuiuaioi v.U) Ready Reaction mix (Appiieii Biosyslenis), 
using die two inner PC It primers listed above ami four 
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Epitope optimization and recognition of TWTO variant peptides. We confirmed 
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fer in how d N /d s varies across the sequence and takes into account the phyloge - 
netic relationships of the sequences in question 20 . Two models of codon 
! i I r s c r i i „ i t * d /d s m the align- 

neit none or nh 1 j i L it i .it > .1 i i >, 
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